Sumida GM, Stamer WD. S1P2 receptor regulation of sphingosine-1-phosphate effects on conventional outflow physiology. Am J Physiol Cell Physiol 300: C1164 -C1171, 2011. First published February 2, 2011; doi:10.1152/ajpcell.00437.2010.-Elevated intraocular pressure is the main risk factor in primary open-angle glaucoma, involving an increased resistance to aqueous humor outflow in the juxtacanalicular region of the conventional outflow pathway which includes the trabecular meshwork (TM) and the inner wall of Schlemm's canal (SC). Previously, sphingosine-1-phosphate (S1P) was shown to decrease outflow facility in porcine and human eyes, thus increasing outflow resistance and intraocular pressure. Owing to S1P's known effect of increasing barrier function in endothelial cells and the robust expression of the S1P1 receptor on the inner wall of SC, we hypothesized that S1P1 receptor activation promotes junction formation and decreases outflow facility. The effects of subtypespecific S1P receptor compounds were tested in human and porcine whole-eye perfusions and human primary cultures of SC and TM cells to determine the receptor responsible for S1P effects on outflow resistance. The S1P1-specific agonist SEW2871 failed to both mimic S1P effects in paired human eye perfusions, as well as increase myosin light chain (MLC) phosphorylation in cell culture, a prominent outcome in S1P-treated SC and TM cells. In contrast, the S1P2 antagonist JTE-013, but not the S1P1 or S1P1,3 antagonists, blocked the S1P-promoted increase in MLC phosphorylation. Moreover, JTE-013 prevented S1P-induced decrease in outflow facility in perfused human eyes (P Ͻ 0.05, n ϭ 6 pairs). Similarly, porcine eyes perfused with JTE-013 ϩ S1P did not differ from eyes with JTE-013 alone (P ϭ 0.53, n ϭ 3). These results demonstrate that S1P2, and not S1P1 or S1P3, receptor activation increases conventional outflow resistance and is a potential target to regulate intraocular pressure. aqueous humor; bioactive lipid; glaucoma; intraocular pressure; myosin light chain ELEVATED INTRAOCULAR PRESSURE (IOP), a major risk-factor for glaucoma, is due to an increased resistance to aqueous humor outflow in the pressure-responsive, conventional pathway. The majority of resistance to outflow is attributed to the juxtacanalicular connective tissue (JCT) region of the trabecular meshwork (TM) and the inner wall of Schlemm's canal (SC) (7, 8, 11, 17) . To enter the SC lumen and return to venous circulation, aqueous humor flows through the JCT, a 2-to 20-m-thick region adjacent to SC that is composed of a loose arrangement of extracellular matrix interspersed with TM cells that are attached to SC cells and the basal lamina (6). Aqueous humor then crosses the inner wall of SC, a continuous endothelial monolayer. It is important to determine how these tissues regulate resistance to find new mechanisms to lower IOP in those with glaucoma.
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The endogenous bioactive lipid sphingosine-1-phosphate (S1P) decreases outflow facility, thereby increasing resistance, in both porcine and human eyes (12, 21) . Originally believed to be an intracellular signaling molecule, S1P is now known to be involved in receptor-mediated signaling following the identification of S1P as the ligand for the EDG1 receptor (S1P 1 ) (10) . Of the five S1P receptors (S1P [1] [2] [3] [4] [5] ) that have been identified, the S1P 1-3 receptors are ubiquitously expressed, while S1P 4 is limited to lymphoid and S1P 5 to brain and skin tissue (16) . The regulation of cytoskeletal dynamics is a main downstream effect of S1P receptor activation (2) . For example, in cultured TM cells, S1P induces Rho activation, thus promoting myosin light chain (MLC) phosphorylation and increased stress fiber formation (12) . In SC cells, S1P increases MLC phosphorylation while also promoting a cortical rearrangement of the actomyosin system (24) . The cortical actomyosin assembly in SC cells is similar to the S1P effect observed in vascular endothelial cells, an effect mediated by the S1P 1 receptor to promote endothelial barrier function (26) .
The S1P receptor subtype(s) that is responsible for mediating the decrease in outflow facility by S1P represents a viable pharmacological target to modulate outflow resistance and reduce IOP. Therefore, the aim of this study was to identify S1P receptor(s) that mediate effects on outflow facility by testing the pharmacology of receptor-selective compounds in the porcine and human whole-eye perfusion models, as well as in human primary cultures of SC and TM cells. Despite similarities between SC and vascular blood endothelia (14) and the robust expression of the S1P 1 receptor in SC cells (21) , the S1P 1 -specific agonist SEW2871 (19) failed to decrease outflow facility in the human whole-eye perfusion and promote MLC phosphorylation in both SC and TM cells. Additionally, the antagonists W146 (S1P 1 -specific) (20) and VPC23019 (S1P 1,3 -specific) (1) failed to block the S1P increase in MLC phosphorylation. However, the S1P 2 -specific antagonist JTE-013 (13) blocked the S1P decrease of outflow facility in both porcine and human whole-eye perfusions, as well as the S1P-promoted MLC phosphorylation in SC and TM cells.
Health Research Institute (Sun City, AZ), and Life Legacy Foundation (Tucson, AZ). The enucleated human eyes were free of any known ocular disease and were stored in a moist chamber at 4°C until use. Enucleated porcine eyes were obtained from the University of Arizona Meat Sciences Laboratory.
Cell culture. Human SC cells were isolated from donor eyes using a cannulation technique and characterized and cultured as previously described (22) . Human TM cells were isolated using a blunt dissection technique, followed by extracellular matrix digestion. Characterization and culturing were performed as previously described (23) . Both cell types were maintained in Dulbecco's modified Eagle's medium (low glucose) supplemented with 10% fetal bovine serum, penicillin (100 U/ml), streptomycin (0.1 mg/ml), and glutamine (0.29 mg/ml). The SC cell strains used were SC51, SC53, SC55/56, SC57, and SC58 that were derived from donors of ages 66, 44, 29, 78, and 34 yr, respectively. The TM cell strains used were TM83, TM86, TM88, TM90, and TM 93 that were derived from donors of ages 54 yr, 3 mo, 25 yr, 4 mo, and 35 yr, respectively. At least two different cell strains (passages 3-7) were tested in each type of experiment and were chosen on the basis of strain availability at the time of the experiments.
Human umbilical vein endothelial cells (HUVEC-2, BD Biosciences, Bedford, MA) were maintained in medium 199 (Invitrogen) supplemented with 15% fetal bovine serum, heparin sodium salt (90 g/ml), endothelial mitogen (0.1 mg/ml, Biomedical Technologies, Stoughton, MA), penicillin (100 U/ml), streptomycin (0.1 mg/ml), and glutamine (0.29 mg/ml).
Immunoblot analyses. Immunoblot analyses were performed as previously described (24) . Nitrocellulose membranes were blocked with 5% milk for 1 h, then incubated overnight at 4°C with rabbit IgGs against phospho (Thr18/Ser19)-MLC (1:1,000 dilution, Cell Signaling, Beverly, MA), phospho (Ser473)-Akt (1:2,000 dilution, D9E, Cell Signaling), or pan-Akt (1:1,000 dilution, C67E7, Cell Signaling). Secondary antibodies used were horseradish peroxidase-conjugated goat anti-rabbit or goat anti-mouse IgGs (40 ng/ml, Jackson Immunoresearch Laboratories, West Grove, PA) for 1 h at room temperature. Membranes were incubated with either Amersham ECL Advance (GE Healthcare) or HyGLO (Denville Scientific, Metuchen, NJ) chemiluminescence reagents and exposed to X-ray film (Genesee Scientific, San Diego, CA). Membranes were reprobed with ascites fluid containing mouse monoclonal IgG against ␤-actin (1:10,000 dilution, Sigma-Aldrich,) for a loading control. Protein signals were captured digitally, and densitometry was performed using GeneSnap and GeneTools software (Syngene, Frederick, MD).
Human whole-eye perfusion. Whole-eye perfusions were performed according to the system described by Ethier et al. (3) . Upon enucleation, eyes were stored in a moist chamber at 4°C until the beginning of the experiment. All human eyes were perfused within 30 h from time of death (TOD). At the beginning of an experiment, eyes were placed in PBS at 34°C and a needle was inserted through the cornea and placed in the posterior chamber, behind the iris. The eyes were then perfused with Dulbecco's PBS containing 5.5 mM glucose (DBG) prefiltered through a syringe-driven filter unit with 0.22-m pores (Millipore). Human eyes were perfused at a constant pressure of 8 mmHg (equivalent to 15 mmHg in vivo) for 60 -90 min to establish a baseline outflow facility (stable flow for at least 30 min). Following baseline perfusion, the contents of the anterior chamber were exchanged with DBG containing either experimental compounds or control. Following exchanges, perfusions at 8 mmHg were resumed and new baselines were reached (defined as reasonably stable flow for at least 30 min before the end of the perfusion). Normalized facilities were then calculated, dividing the new baseline following exchange by the original baseline facility. Additionally, the percent net facility change between paired eyes was calculated by subtracting the percent facility change from baseline in the contralateral control eye from the percent facility change in the experimental eye.
Porcine whole-eye perfusion. Porcine eyes were enucleated immediately following TOD. The eyes were received within 2 h of TOD and used in experiments within 12 h of TOD. The porcine eyes were perfused using the same procedure as the human eye perfusions but were perfused at a constant pressure of 15 mmHg as has been done previously (12) . The porcine eye perfusions were used to test the effects of antagonist Ϯ S1P. After a stable baseline, eyes were exchanged with antagonist and perfused for an additional 1 h to expose the outflow tissue to the antagonist and determine whether facility changes occur with antagonist alone. The eyes were then exchanged a second time with antagonist alone or antagonist ϩ S1P, and then perfused for an additional 2 h. Separate experiments were also done to test S1P's effect in porcine eyes without antagonists. Control eyes received media alone in both exchanges, while experimental eyes received media first, then S1P in the second exchange.
Statistical analyses. Results for human whole-eye perfusions were analyzed using a two-tailed, paired Student's t-test. Porcine whole-eye perfusions were analyzed using a two-tailed, unpaired Student's t-test with equal variance. Cell culture experiments were analyzed using a one-way ANOVA with Dunnett's post hoc test. Results were considered significant when P Ͻ 0.05. Sigmoidal dose-response curves were generated in Sigmaplot.
RESULTS

S1P 1 receptor activation alone does not mimic S1P effects on human outflow tissue.
We used two complementary approaches, outflow facility in whole-eye perfusions and MLC phosphorylation in cultured cells, to determine whether the S1P 1 receptor is responsible for S1P effects on outflow resistance in human eyes. In human whole-eye perfusions with SEW2871, the mean donor age of perfused eyes was 82.7 yr (range 77-87 yr) and the mean TOD to start of perfusion was 17.5 h (range 9.5-29.5 h) ( Table 1) . Unlike the 36 Ϯ 20% decrease in outflow facility previously observed in S1P-treated eyes (21), 5 M SEW2871-treated eyes displayed no differences in outflow facility compared with contralateral control eyes up to 1 h following anterior chamber exchanges (Ϫ4.3 Ϯ 14.0% net facility change, n ϭ 3). The normalized facility baselines following exchanges in control and SEW2871-treated eyes were 1.02 Ϯ 0.14 and 0.98 Ϯ 0.14, respectively (means Ϯ SD, P ϭ 0.62).
We next treated SC and TM cells with SEW2871 to determine whether S1P 1 participates in the S1P-promoted increase in MLC phosphorylation, a prominent and reliable effect in both cell types (12, 24) . Following a 2 h serum starvation, SEW2871 (10, 1, and 0.1 M) did not induce MLC phosphorylation in both SC (Fig. 1A ) and TM cells (Fig. 1B) , thus indicating that S1P 1 activation alone does not promote MLC phosphorylation. As a control, SEW2871 activity was verified with Akt phosphorylation in HUVEC (Fig. 1C) , an effect mediated by S1P 1 (19) . Effect of a single concentration of S1P receptor-specific antagonist on MLC phosphorylation in the presence of increasing concentrations of S1P. Cells were treated with 1 U/ml thrombin (T) and S1P at concentrations of 10, 1, and 0.1 M for 5 min and probed for MLC phosphorylation. S1P effects in the presence of antagonists were tested in additional cells pretreated with 10 M of JTE-013 (S1P2), W146 (S1P1), or VPC23019 (S1P1,3) for 30 min. SC (A) and TM (B) blots are representative of five different experiments using three cell strains for each cell type. ␤-Actin was used as a loading control.
Blockade of S1P 2 activation prevents S1P-promoted MLC phosphorylation in SC and TM cells. Since S1P 1 alone did not appear responsible for S1P effects on outflow resistance, we screened three different S1P receptor-selective antagonists to test their effectiveness in blocking the S1P-promoted MLC phosphorylation in both SC and TM cells. Following 2 h serum starvation, SC and TM cells were pretreated (30 min) with S1P receptor antagonists before S1P treatment (5 min). In the presence of 10 M JTE-013 (S1P 2 antagonist), MLC phosphorylation levels following S1P treatments of 10, 1, and 0.1 M were reduced compared with S1P alone in both SC ( Fig. 2A ) and TM cells (Fig. 2B ). In agreement with the inability of SEW2871 to promote MLC phosphorylation (Fig.  1) , the S1P 1 antagonist W146, as well as the S1P 1,3 antagonist VPC23019, failed to block MLC phosphorylation by S1P.
Because of possible nonspecific interactions of antagonist, we also performed the reciprocal experiments where antagonist concentrations were varied in the presence of a single concentration of S1P (1 M). The 1 M S1P-promoted MLC phosphorylation in SC cells was significantly reduced when SC cells were pretreated with all three doses of JTE-013 (10 -0.1 M, P Ͻ 0.001) (Fig. 3A) . Interestingly, inclusion of 1 M W146 reduced MLC phosphorylation by S1P (P Ͻ 0.01), although similar responses were not observed with a higher 10 M dose (Fig. 3B) . No changes in MLC phosphorylation were observed with the inclusion of VPC23019 in SC cells (Fig. 3C) .
When tested in TM cells, S1P-promoted MLC phosphorylation was also significantly reduced by JTE-013 (10 and 1 M JTE, P Ͻ 0.01; 0.1 M JTE, P Ͻ 0.05) (Fig. 4A) . The MLC phosphorylation responses by S1P were reduced with JTE-013 by 73% (10 M), 67% (1 M), and 57% (0.1 M). By comparison, SC cells displayed a more robust blocking of MLC phosphorylation at all three doses of JTE-013 by reducing the S1P response by 83% (10 M), 77% (1 M), and 78% (0.1 M). No differences in phosphorylation status were observed with the inclusion of W146 and VPC23019 in TM cells (Fig. 4, B and C) . Fig. 3 . Effect of increasing antagonist concentration on S1P-mediated MLC phosphorylation in SC cells. Cells were treated with 1 U/ml thrombin and 1 M S1P for 5 min and probed for MLC phosphorylation. S1P effects in the presence of the antagonists JTE-013 (A, S1P2 antagonist), W146 (B, S1P1 antagonist), or VPC23019 (C, S1P1,3 antagonist) at concentrations of 10, 1, and 0.1 M were compared. Blots are representative of six different experiments using two SC cell strains. Changes to the S1P-promoted MLC phosphorylation response (compared through the fold thrombin response) with the inclusion of antagonists are represented in the histograms beneath the correlating blots. ␤-Actin was used as a loading control. Data are presented as means Ϯ SE and are compared with S1P control response (**P Ͻ 0.01, ***P Ͻ 0.001). Fig. 4 . Effect of increasing antagonist concentration on S1P-mediated MLC phosphorylation in TM cells. Cells were treated with 1 U/ml thrombin and 1 M S1P for 5 min and probed for MLC phosphorylation. S1P effects in the presence of the antagonists JTE-013 (A, S1P2 antagonist), W146 (B, S1P1 antagonist), or VPC23019 (C, S1P1,3 antagonist) at concentrations of 10, 1, and 0.1 M were compared. Blots are representative of six different experiments using two TM cell strains. Changes to the S1P-promoted MLC phosphorylation response (compared through the fold thrombin response) with the inclusion of antagonists are represented in the histograms beneath the correlating blots. ␤-Actin was used as a loading control. Data are presented as means Ϯ SE and are compared with S1P control response (*P Ͻ 0.05, **P Ͻ 0.01).
Because of similar levels of inhibition by JTE-013 at concentrations initially tested in both SC (Fig. 3A) and TM cells (Fig. 4A) , we assessed JTE-013 effects over a wider range of concentrations (10 Ϫ5 to 10 Ϫ10 M). We observed that pretreatment of cells with JTE-013 produced halfmaximal inhibitory concentration (IC 50 ) values of 18.3 nM in SC (Fig. 5A ) and 1.0 M in TM cells (Fig. 5B ) treated with 1 M S1P.
Blockade of S1P 2 prevents the S1P-induced decrease of outflow facility in perfused porcine whole-eyes. Because of the inability of the S1P 1 agonist SEW2871 to mimic the S1P effects in the whole-eye perfusion (decrease facility) and cell culture models (MLC phosphorylation), the focus was shifted to S1P 2 and the antagonist JTE-013 due to its blocking of S1P-promoted MLC phosphorylation in our cell models. Thus, JTE-013 was included in the whole-eye perfusion model to determine whether blocking the S1P 2 receptor would prevent the S1P-induced decrease in outflow facility. In initial studies, we used porcine eyes first to test the antagonist before use in human eyes due to the similar decrease in outflow facility observed between both species (12, 21) , in addition to the availability and freshness of porcine eyes compared with human eyes.
We started with a double exchange perfusion experiment. The aim of the first exchange was to determine whether antagonist alone affects outflow while the aim of the second exchange was to compare the inclusion of S1P with antagonist versus antagonist alone. Parallel, control experiments using this experimental setup were also performed (media alone for both exchanges) and experimental eyes (media in first exchange, 5 M S1P in second exchange), reproducing the S1P-mediated decrease in facility without antagonist (Fig. 6A) . Following verification of the S1P response in the control experiments, experiments with the inclusion of antagonist were conducted to compare JTE-013 control eyes (5 M JTE-013 for both exchanges) with experimental eyes (5 M JTE-013 for first exchange, 5 M JTE-013 ϩ 5 M S1P for second exchange). The inclusion of antagonist, JTE-013, clearly blocks the S1P-mediated decrease in outflow facility (Fig. 6B) .
In analyzing the control experiments without antagonist (Fig. 6C) , normalized facilities following the first exchange and 1 h perfusion for the media control and experimental groups were 1.09 Ϯ 0.16 and 1.12 Ϯ 0.11, respectively (means Ϯ SD, P ϭ 0.76). Following the second exchange and subsequent 2 h perfusion, experimental eyes with S1P displayed a typical decrease in normalized facility of 0.69 Ϯ 0.18 compared with 1.10 Ϯ 0.13 in the control group with media alone (means Ϯ SD, P ϭ 0.03, n ϭ 3) (Fig. 6C) .
In the experiments with the inclusion of S1P 2 antagonist (Fig. 6D) , normalized facilities following the first exchange and perfusion for the JTE-013 control and experimental groups were 1.28 Ϯ 0.30 and 1.21 Ϯ 0.14, respectively (means Ϯ SD, P ϭ 0.74, n ϭ 3). Following the second exchange and subsequent perfusion, normalized facilities for the experimental eyes with JTE-013 ϩ S1P and JTE-013 control eyes remained comparable at 1.22 Ϯ 0.21 and 1.36 Ϯ 0.30, respectively (means Ϯ SD, P ϭ 0.53) (Fig. 6D) . Thus, inclusion of JTE-013 in porcine whole-eye perfusions prevented the S1P-induced decrease in outflow facility.
In investigating the effect of antagonist alone, it was observed that normalized facilities following the first exchange for all eyes receiving 5 M JTE-013 (1.25 Ϯ 0.21) displayed a trend toward increasing outflow facility compared with all eyes receiving media alone (1.11 Ϯ 0.13) (means Ϯ SD, P ϭ 0.19, n ϭ 6). S1P 2 is responsible for the S1P-induced decrease of outflow facility in perfused human whole-eyes. Since JTE-013 blocked the S1P-induced decrease in outflow facility in porcine eyes, the antagonist was next used in human eye perfusions (Fig. 7) . The mean donor age for perfused eyes was 80.3 yr (range 62-89 yr) and the mean TOD to start of perfusion was 16.3 h (range 10 -23 h) ( Table 1) . Following an initial baseline perfusion, control eyes were exchanged with media containing 5 M S1P while the contralateral experimental eyes were exchanged with media containing 5 M JTE-013 ϩ 5 M S1P. Because of limitations in the freshness of human tissue post mortem, JTE-013 and S1P were given together in one exchange. After 2 h of perfusion following the exchange, JTE-013 ϩ S1P eyes and S1P control eyes displayed normalized facilities of 1.10 Ϯ 0.29 and 0.78 Ϯ 0.04, respectively (means Ϯ SD, P Ͻ 0.05, n ϭ 6) (Fig. 7B) . The percent facility change in JTE-013 ϩ S1P and S1P control eyes were 9.5 Ϯ 28.6% and Ϫ21.4 Ϯ 4.0% (mean % facility change Ϯ SD, P Ͻ 0.05, n ϭ 6). The net facility difference with the addition of JTE-013 was 31.0 Ϯ 27.4%. Interestingly, the inclusion of JTE-013 in human eyes increased outflow facility above baseline despite the presence of S1P. Even though the antagonist appeared not to have an effect in one eye pair (91C, 92E), JTE-013 still significantly blocked the S1P decrease of outflow facility in human eyes.
DISCUSSION
We originally hypothesized that the S1P 1 receptor was responsible for the S1P-mediated decrease in outflow facility due to receptor expression patterns in the outflow pathway and predicted mechanisms of action, but surprisingly, activation of the S1P 1 receptor alone did not have an effect on outflow facility, nor did it have an effect on MLC phosphorylation in the cell culture models. Moreover, the use of a S1P 1 or S1P 1,3 -selective antagonist failed to block S1P-mediated MLC phosphorylation. Rather, blocking the S1P 2 receptor prevented S1P-promoted MLC phosphorylation in cultured SC and TM cells. Thus, our focus shifted from the S1P 1 to the S1P 2 receptor, where blockade of S1P 2 effectively prevented the entire S1P-mediated decrease in outflow facility in human and porcine whole-eye perfusions. These results suggest that controlling S1P 2 receptor activation in the conventional outflow pathway may provide a new pharmacological target to reduce ocular hypertension in patients with, or are at risk for primary open-angle glaucoma. Fig. 6 . Blockade of S1P2 prevents the S1P-mediated decrease in outflow facility in porcine eyes. Following a baseline perfusion, porcine eyes received two exchanges with subsequent perfusions over the course of an experiment. The first exchange was used to pretreat the outflow tissue with the S1P2 antagonist JTE-013 while the second exchange was used to compare eyes treated with JTE-013 alone, or in addition to 5 M S1P (n ϭ 3). Separate control experiments using media in the first exchange, and in the second exchange, comparing media against 5 M S1P (n ϭ 3), were also done. Examples of outflow facility traces for experiments comparing media alone (Ϫ) to S1P ( . . . . ) (A), and comparing JTE-013 (Ϫ) to JTE-013 ϩ S1P ( . . . . ) (B) are shown. Average normalized facilities following anterior chamber exchanges are also shown (C and D). Control and experimental perfusion data were compared following each exchange and are presented as means Ϯ SD (*P Ͻ 0.05).
In this study, the effects observed with JTE-013 on outflow facility in both porcine and human eyes demonstrate S1P 2 to be a dominant receptor subtype in the outflow tissue that may be responsible in mediating S1P's effect of increasing outflow resistance. JTE-013 blocked the S1P effect in human eyes despite not pretreating the outflow tissue with antagonist as was done in the porcine experiments. The pretreatment procedure was omitted due to donor age and length of time from time of death (TOD) to start of perfusion. We have found empirically that tissue responsiveness decreases with increasing time between TOD and experimental treatment, as well as with tissue from older donors. Despite the conservative approach, the human perfusion experiments clearly demonstrate S1P 2 to be the key receptor in the S1P-mediated effects in organ culture.
Three commercially available antagonists were tested to block S1P-promoted MLC phosphorylation, a Rho/Rho-kinase-mediated effect observed robustly and reliably in both SC and TM cells in this study (12, 24) . The S1P 2 antagonist JTE-013 significantly reduced MLC phosphorylation by S1P in both SC and TM cell culture models, in agreement with previous findings that S1P 2 receptor activation increases MLC phosphorylation in a Rho-dependent manner (5, 28) . JTE-013 is a selective S1P 2 antagonist with IC 50 values for human S1P 1 and S1P 2 receptors at Ͼ10 M and ϳ17 nM, respectively. For the S1P 3 receptor, only 4.2% inhibition of S1P binding was observed at 10 M JTE-013 (13) . However, recent evidence has suggested that JTE-013 may not be highly selective to the S1P 2 receptor at higher concentrations in rodents (18) . Therefore, we used two different experimental setups in cell culture treatments using the S1P receptor antagonists. First, we pretreated with a constant 10 M antagonist concentration, followed by S1P treatments of 10, 1, and 0.1 M. Second, rather than varying the S1P concentration, we varied the antagonist pretreatment concentrations (10, 1, and 0.1 M) and followed with a constant 1 M S1P treatment. Both experimental setups demonstrated JTE-013 to block the S1P-promoted MLC phosphorylation in both SC and TM cells, supporting S1P 2 as the receptor involved in S1P-promoted MLC phosphorylation.
The S1P 2 receptor stimulates the Rho/Rho-kinase pathway, thus increasing MLC phosphorylation by inhibiting MLC phosphatase (5, 28) . Activation of the Rho pathway in the outflow tissue has been shown to increase outflow resistance (27) with the contractile state of TM cells through MLC phosphorylation being the key regulating event (12, 15) . Thus, S1P may promote increased TM cell contractility, thereby constricting the passageways through the extracellular matrix in the JCT region of the TM. Meanwhile, cell-cell and cellmatrix junctions in conjunction with a sustained contractile state are vital to SC cells due to the large variation in transendothelial pressure experienced by the inner wall SC cells. Thus, an S1P-mediated increase in Rho-dependent MLC phosphorylation in SC cells at the cell cortex in conjunction with cortical actin formation (24) may promote endothelial barrier enhancement with an increase in cell-cell and cell-matrix connections, therefore raising outflow resistance. These events in the TM and along the inner wall of SC, whether working individually or in conjunction with one another, may prove to be the mechanism in the S1P-mediated increase in outflow resistance.
Because of the exposure of the conventional outflow pathway to a wide range of flow and pressure, the S1P receptor system may play a role in accommodating and responding to changing conditions in the outflow tissue. Under normal conditions, basal activation of the S1P receptor system may support normal cell-cell and cell-matrix interactions with moderate actomyosin tone for both SC and TM cells. In the case of high outflow, the spaces between TM cells and the extracellular matrix in the JCT are expanded, as well as the subendothelial space of the inner wall. To help prevent detachment of SC at elevated IOP, an increase in S1P release by outflow cells and subsequent saturation of the S1P receptors may promote an increase in actomyosin tone via the S1P 2 /Rho/Rhokinase pathway to further increase stiffness to maintain the outflow structure. In support of outflow cells increasing S1P release under high outflow conditions, vascular cells have been shown to increase S1P release when under shear stress (25) . Accordingly, the shear stress experienced by the SC cells at elevated IOPs is predicted to be comparable to the shear stress experienced by arterial vascular endothelial cells (4) .
Determining the localization and expression levels of the enzymes involved in S1P formation and breakdown within the Fig. 7 . Outflow facility effects of S1P2 receptor blockade in S1P-perfused human eyes. Following a baseline perfusion in paired human eyes, the contents of the anterior chambers of the experimental eyes were exchanged with media containing 5 M JTE-013 ϩ 5 M S1P, while the contralateral S1P control eyes received 5 M S1P alone. Examples of outflow facility traces for experiments comparing S1P control (Ϫ) to JTE-013 ϩ S1P experimental ( . . . . ) eyes are shown (A); paired eyes were from an 85 yr-old donor (87C, 88E) with a net facility increase of 23.8% with the inclusion of JTE-013, compared with S1P control. Average normalized facilities following anterior chamber exchanges are shown (B). Data are presented as means Ϯ SD (*P Ͻ 0.05).
outflow pathway may provide insight into the mechanism of how the S1P receptor system may modulate outflow resistance. Sphingosine kinases phosphorylate sphingosine to form S1P while S1P lyase and the S1P phosphatases break down S1P (9) . In the outflow pathway, the cells of the TM are ideally situated to be a source of S1P, potentially releasing S1P downstream and activating S1P receptors on fellow outflow cells, thus modulating actomyosin assembly/disassembly.
In conclusion, the S1P 2 receptor may prove to be a valuable target to reduce outflow resistance and IOP in glaucoma patients. S1P 2 preferentially promotes a contractile response in the cells of the outflow pathway, thus antagonizing S1P 2 provides a receptor-based target to increase aqueous outflow. In support of a potential S1P 2 -specific antagonist to decrease outflow resistance in glaucoma patients, our perfusions with JTE-013 alone displayed a trend toward increasing outflow facility in porcine eyes while human eyes treated with JTE-013 ϩ S1P displayed an increase of outflow facility over baseline. Therefore, future studies using long-term perfusions with either JTE-013, or another, more efficacious S1P 2 antagonist are needed to verify S1P 2 as a potential glaucoma therapeutic.
